In contrast with traditional nonlinear optics, a peak at the spectral position of the second harmonic of a laser can also be generated in an inversion-symmetric medium in the regime of extreme nonlinear optics. We describe the underlying mechanism of such third-harmonic generation in disguise of secondharmonic generation and compare theory with the optical as well as the radio-frequency spectra measured in recent experiments on thin ZnO films. The peak at twice the carrier-envelope offset frequency in the radio-frequency spectra is shown to be an unambiguous signature of such a process. DOI: 10.1103/PhysRevLett.90.217404 PACS numbers: 78.47.+p, 42.50.Md, 42.65.Re Inversion symmetry has strict consequences in traditional nonlinear optics, but more relaxed ones in the regime of extreme nonlinear optics [1] . Consider an incident pulse with electric field Et Ẽ Etcos! 0 t . E Et is the envelope of the pulse, the cosine term is the carrier wave with a carrier frequency ! 0 and a carrierenvelope offset (CEO) phase [2 -4]. Second-harmonic generation (SHG), i.e., a contribution with a carrier frequency 2! 0 , is forbidden in an inversion-symmetric material. In traditional nonlinear optics, the spectral width of the envelope of the generated wave is much smaller than ! 0 . Thus, a peak at a spectrometer frequency 2! 0 cannot occur. In contrast with this, in extreme nonlinear optics, the spectral width of the envelope can approach ! 0 or even exceed it. Equivalently, the electric field itself governs the behavior rather than the light intensity. Thus, the envelope of third-harmonic generation (THG) with carrier frequency 3! 0 can, e.g., lead to a low-frequency sideband (or a strong contribution) at spectrometer frequency 2! 0 -even for an inversion-symmetric material. This phenomenon is called ''THG in disguise of SHG'' in what follows.
Inversion symmetry has strict consequences in traditional nonlinear optics, but more relaxed ones in the regime of extreme nonlinear optics [1] . Consider an incident pulse with electric field Et Ẽ Etcos! 0 t . E Et is the envelope of the pulse, the cosine term is the carrier wave with a carrier frequency ! 0 and a carrierenvelope offset (CEO) phase [2 -4] . Second-harmonic generation (SHG), i.e., a contribution with a carrier frequency 2! 0 , is forbidden in an inversion-symmetric material. In traditional nonlinear optics, the spectral width of the envelope of the generated wave is much smaller than ! 0 . Thus, a peak at a spectrometer frequency 2! 0 cannot occur. In contrast with this, in extreme nonlinear optics, the spectral width of the envelope can approach ! 0 or even exceed it. Equivalently, the electric field itself governs the behavior rather than the light intensity. Thus, the envelope of third-harmonic generation (THG) with carrier frequency 3! 0 can, e.g., lead to a low-frequency sideband (or a strong contribution) at spectrometer frequency 2! 0 -even for an inversion-symmetric material. This phenomenon is called ''THG in disguise of SHG'' in what follows.
Indeed, a number of theoretical studies have dealt with this problem [5] [6] [7] [8] [9] [10] . To the best of our knowledge, however, no corresponding experimental results in the regime of extreme nonlinear optics have been discussed.
How could one unambiguously distinguish THG in disguise of SHG from usual SHG? The laser pulse itself has phase by definition, the usual SHG has phase 2 (even if it originates from, e.g., a 4 process), and the third harmonic has phase 3 -although it may exhibit a peak at spectrometer frequency 2! 0 . Thus, the beat note of the usual SHG with the fundamental has a difference phase , that of the THG in disguise of SHG and the fundamental has a difference phase 2. For pulses out of a mode-locked laser oscillator, oscillates with the CEO frequency f [2 -4] . Hence, usual SHG would lead to a beat note at frequency f in the radio-frequency (rf) spectrum, THG in disguise of SHG to a beat note at 2f . Thus, a peak at frequency 2f is an unambiguous experimental signature of THG in disguise of SHG.
In this Letter, we (i) describe the mechanism in more detail that can lead to THG in disguise of SHG in an inversion-symmetric medium. Next (ii), we apply this physics to a special experimental geometry, namely, to the optical and rf spectra of ZnO, via numerical solutions of the coupled Maxwell-Bloch equations for a semiconductor. Finally in (iii), we compare these calculations directly with corresponding experiments on a 350 nm thin film of ZnO excited by intense 5 fs pulses directly from a mode-locked laser oscillator, which leads to good agreement.
(i) The mechanism.-To illustrate the general nature of the underlying physics, we start by discussing numerical solutions of the Bloch equations for an ensemble of identical two-level systems, which clearly corresponds to an inversion-symmetric medium. We do not use the rotating wave approximation; the choice of the longitudinal and transverse relaxation times (T 1 1 and T 2 50 fs) is not important unless they become comparable with the period of light. The incident pulses with a full width at half maximum (FWHM) of the intensity of t FWHM 5 fs have a sinc 2 t shape, i.e., the electric field is given by Et Ẽ Etcos! 0 t withẼ Et Ẽ E 0 sinct=t 0 and h! 0 1:5 eV [11] . The peak (envelope) Rabi frequency R is given by R =! 0 0:76, corresponding to the experiments described below (with a dipole matrix element d 0:19e nm: R =! 0 0:76 ,Ẽ E 0 6 10 9 V=m , to a peak intensity of 5 10 12 W=cm 2 ). Figure 1 (a) shows the square modulus of the optical polarization P versus spectrometer frequency ! and versus transition frequency . For example, =! 0 0:95 on the vertical axis corresponds to the band gap of GaAs, =! 0 2:2 to that of ZnO, and =! 0 3:7 to that of diamond. Let us, for example, consider a transition frequency =! 0 2, which is near the ZnO band gap. The corresponding cut (white curve) in Fig. 1 (a) exhibits a pronounced peak at spectrometer frequency ! 2! 0 (see arrow). This contribution to the optical polarization leads to a wave at spectrometer frequency ! 2! 0 , in an inversion-symmetric medium. The origin of this unusual THG in disguise of SHG is a resonance enhancement of the THG at the two-level transition frequency . For pulses containing many cycles of light, the laser spectrum and the usual THG contribution centered at !=! 0 3 are rather narrow and the overlap of the usual THG spectrum with the resonance at frequency =! 0 2 is negligible and THG in disguise of SHG does not occur. This aspect is further illustrated by the dependence on the pulse duration t FWHM depicted in Fig. 1(b) .
With increasing intensity or increasing R , the THG in disguise of SHG contribution rises roughly with the third power of the laser intensity, which eventually overwhelms the usual SHG, which scales with the second power of the laser intensity. This resonant enhancement is clearly different from the behavior around =! 0 1 on the vertical axis of Fig. 1(a) , which is due to carrierwave Rabi flopping, i.e., due to the large splitting of the sidebands centered around !=! 0 1 and !=! 0 3, arising from a modulation of the two-level system with the Rabi frequency as described in detail in Refs. [10, 12, 13] .
Figure 1(c) shows the dependence on the CEO phase for a selected transition frequency of =! 0 2. All other parameters are as in Fig. 1(a) . It becomes obvious that a part of the interference occurs in between the fundamental, i.e., !=! 0 1 and !=! 0 2. (In this interval one would also expect the interference of usual SHG and the fundamental.) Note that the period of the signal versus is rather than 2, equivalent to a peak at frequency 2f in the rf spectrum.
If one interprets the transition energy h in Fig. 1(a) as the band gap energy E g of a semiconductor, the lower right-hand side (RHS) triangle formed by the ! line experiences strong reabsorption in the semiconductor band-to-band continuum, while the upper left-hand side (LHS) triangle is in the transparency regime of the semiconductor. THG in disguise of SHG overlaps with this line.
(ii) Solutions of the coupled Maxwell-Bloch equations for ZnO.-In order to study corresponding reabsorption and phase-matching effects, we now present numerical solutions of the coupled Maxwell-Bloch equations in one dimension without using the rotating wave approximation and without using the slowly varying envelope approximation and accounting for the actual sample geometry of recent experiments [14] . Furthermore, for a semiconductor, one does not have a single nonlinear two-level system but rather a band continuum, i.e., one needs to integrate P along the vertical axis in Fig. 1(a) . The ZnO dipole matrix element d 0:19e nm is obtained from k p perturbation theory. To be close to the experiment, we fit an ensemble of 45 two-level systems (3.3-7.9 eV) to the known measured linear dielectric function of ZnO over a broad 
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217404-2 frequency regime [15] . Thus, linear and nonlinear propagation effects as well as multiphoton absorption into high-energy states are accounted for exactly within this model. In addition to this, ZnO has no inversion symmetry and shows a nonvanishing 2 susceptibility. For simplicity, we describe this aspect by a frequencyindependent second-order susceptibility, the actual value of which is taken from the literature with 2 4 10 ÿ12 m=V [16] . Anticipating the experiments below, we model a 350 nm thin film of ZnO on a sapphire substrate [14] with dielectric constant s 1:76
2 . Furthermore, we employ excitation with a pair of collinearly propagating identical pulses with time delay [17] . The pulses are taken directly from the experiment [14] in the sense that the measured laser spectrum is fitted by an analytical formula [18] . Assuming unchirped laser pulses, i.e., a flat spectral phase, the electric field versus time Et is obtained by the Fourier transform of the square root of the intensity spectrum / jE!j 2 . The ratio of the pulse repetition frequency f r and the CEO frequency f is set to f r =f 5, with f r 81 MHz.
In Fig. 2(a) we depict the calculated optical spectra versus time delay . Note that none of the spectral components originates from the incident pulses directly; all of them are rather generated in the 350 nm thin ZnO layer. The spectral components above 530 nm wavelength are mainly due to self-phase modulation (SPM); those in the range from 365 to 455 nm wavelength are due to a combination of conventional SHG and THG in disguise of SHG. In between the two regions, interference leads to a dependence on the CEO phase . Indeed, filtering out this region and computing the corresponding rf spectrum delivers peaks at the CEO frequency f and at 2 f [ Fig. 2(b) ] as expected from our above reasoning. Interestingly, the peak at frequency 2 f is comparable in strength to that at f , equivalent to a THG in disguise of SHG contribution comparable to traditional SHG.
Before we directly compare the results of the rather complete microscopic theory to the experiment in section (iii), let us briefly show that the THG in disguise of SHG contribution described here is indeed specific for the regime of extreme nonlinear optics, i.e., that it would not occur in a perturbative off-resonant nonlinear optics approach under these conditions. To see this, let us consider the usual expansion of the nonlinear optical polarization P NL t 0 P n n E n t in terms of nonlinear optical susceptibilities n up to order N [9] . To allow for a direct comparison with the microscopic theory, we still solve the Maxwell equations for the actual sample geometry and for the actual laser pulses without further approximations. Going up to order N 3, the ZnO values for 2 [16] and 3 [19] can directly be taken from the literature. Under these conditions, the optical spectra and their dependence on look amazingly similar to the behavior of the microscopic approach [ Fig. 2(a) ]. However, within the perturbative approach, the rf spectra contain only a peak at frequency f and no peak at 2 f for any position in the optical spectra. This is consistent with the intuitive expectation that no significant contribution of the third harmonic appears at the spectral position of the second harmonic in traditional nonlinear optics. This also clearly shows that rf spectra provide important information which is not obvious from the optical spectra. Including terms up to order N 4 or N 5 does not change the overall behavior even if 4 and 5 are chosen such that the corresponding contributions to the nonlinear optical polarization become comparable to the lower order ones, in which case the entire perturbative approach already becomes questionable.
(iii) Comparison with experiment. -Fig. 3 shows the experimental results corresponding to Fig. 2 . In these experiments [14] , 5 fs optical pulses [20] from a modelocked laser oscillator operating at f r 81 MHz repetition frequency are split into a pair of pulses with time delay in a balanced Michelson interferometer, stabilized by means of the Pancharatnam screw [21] . These linearly polarized pulses are focused onto a 350 nm thin epitaxial layer of ZnO on a sapphire substrate. The ZnO crystallographicc c axis is perpendicular to the layer. Figure 3 (a) has not been published so far; Fig. 3(b) corresponds to Fig. 2(b) of Ref. [14] . The agreement (compare Figs. 2 and 3) is good, especially if one keeps in mind that there are no fit parameters to arrange for the relative height of the SPM component, the traditional SHG and THG in disguise of SHG in the optical spectrum, or for the height of any of the peaks in the rf spectrum. In particular, note that the heights of the peaks at frequencies f and 2 f in the rf spectrum are comparable, both for theory and experiment, indicating that THG in disguise of SHG is comparable in magnitude to conventional second-harmonic generation under these conditions. Furthermore, the nodal lines indicated by the thin black lines in Fig. 3(a) nicely match those obtained for the complete modeling [see Fig. 2(a) ].
In conclusion, we have shown that a peak at twice the carrier-envelope offset frequency in the radio-frequency spectrum is an unambiguous signature of third-harmonic generation in disguise of second-harmonic generationa phenomenon, which does not occur in traditional nonlinear optics. Theory is in good agreement with experiments on a 350 nm thin epitaxial layer of ZnO excited by intense 5 fs pulses from a mode-locked laser oscillator. In general, such measurements of the CEO phase or frequency might also prove to be a powerful tool to identify the underlying microscopic processes in other situations of extreme nonlinear optics by providing additional information beyond the (CEO-phase-averaged) optical spectra.
FIG. 3 (color)
. Experiment,Ẽ E 0 6 10 9 V=m at 0. (a) False-color image of the light intensity (normalized) emitted into the forward direction versus spectrometer photon energy h! and time delay . is not stabilized. The thin black lines are a guide to the eye. The white curve labeled IAC is the interferometric autocorrelation of the laser pulses, obtained from an independent measurement using a -barium borate SHG crystal. (b) Radio-frequency power spectrum S rf of the intensity in the spectral interval indicated by the grey area on the LHS in (a), 0. Note the good agreement with the theory calculated under the same conditions (Fig. 2) ; the data in Fig. 2(a) are equidistant in photon energy, those in (a) are equidistant in wavelength.
